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FOREWORD 

The U.S. Environmental Protection Agency (EPA) is charged by Congress with 
protecting the Nation’s land, air, and water resources. Under a mandate of national 
environmental laws, the Agency strives to formulate and implement actions leading to a 
compatible balance between human activities and the ability of natural systems to support and 
nurture life. To meet this mandate, EPA’s research program is providing data and technical 
support for solving environmental problems today and building a science knowledge base 
necessary to manage our ecological resources wisely, understand how pollutants affect our 
health, and prevent or reduce environmental risks in the future. 

The National Risk Management Research Laboratory (NRMRL) is the Agency’s center 
for investigation of technological and management approaches for preventing and reducing risks 
from pollution that threaten human health and the environment. The focus of the Laboratory’s 
research program is on methods and their cost-effectiveness for prevention and control of 
pollution to air, land, water, and subsurface resources; protection of water quality in public water 
systems; remediation of contaminated sites, sediments and ground water; prevention and control 
of indoor air pollution; and restoration of ecosystems. NRMRL collaborates with both public 
and private sector partners to foster technologies that reduce the cost of compliance and to 
anticipate emerging problems. NRMRL’s research provides solutions to environmental problems 
by: developing and promoting technologies that protect and improve the environment; advancing 
scientific and engineering information to support regulatory and policy decisions; and providing 
the technical support and information transfer to ensure implementation of environmental 
regulations and strategies at the national, state, and community levels. 

This publication has been produced as part of the Laboratory’s strategic long-term 
research plan. It is published and made available by EPA’s Office of Research and Development 
to assist the user community and to link researchers with their clients. 

E. Timothy Oppelt, Director

National Risk Management Research Laboratory


iii 



ABSTRACT 

This Innovative Technology Evaluation Report documents the results of a demonstration 
of the high-energy electron injection (E-Beam) technology in application to groundwater 
contaminated with methyl t-butyl ether (MtBE) and with benzene, toluene, ethylbenzene, and 
xylenes (BTEX). The E-beam technology destroys organic contaminants in groundwater through 
irradiation with a beam of high-energy electrons. The demonstration was conducted at the Naval 
Base Ventura County (NBVC) in Port Hueneme, California. 

Results of two weeks of steady state operation at an E-beam dose of 1,200 kilorads 
(krads) indicated that MtBE and BTEX concentrations in the effluent were reduced by greater 
than 99.9 percent from influent concentrations that averaged over 1,700 ������������������� 
��������� Further, the treatment goals for the demonstration, which were based on drinking 

water regulatory criteria, were met for all contaminants except for t-butyl alcohol (tBA), a 
degradation product of MtBE. Dose experiments indicated that tBA was not consistently reduced 
to below the treatment goal of 12 µg/L although the results indicated that tBA by-product 
formation decreased as dose increased. Thus, it is possible that, at increased energy input beyond 
that tested in the demonstration, the E-Beam technology might have met the prescribed treatment 
objectives for TBA. Acetone and formaldehyde were the two most prevalent organic by-products 
that were formed by E-beam treatment, with mean effluent concentrations during the two-week 
steady state testing of 160 and 125 �������������������Bromate was not formed during E-beam 
treatment. 

An economic analysis of the E-beam treatment system indicated that the primary costs 
are for the E-beam equipment and for electrical energy. The estimated cost ranged from over $40 
per 1000 gallons for a small-scale remedial application to about $1.00 per 1000 gallons for a 
larger-scale drinking water application. 
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EXECUTIVE SUMMARY 

The high-energy electron injection (E-Beam) technology destroys organic contaminants 
in groundwater through irradiation with a beam of high-energy electrons. The injection of 
accelerated electrons into an aqueous solution results in the formation of three primary reactive 
species: aqueous electrons (e� 

aq) and hydrogen radicals (•H), which are strong reducing species; 
and hydroxyl radicals (•OH), which are strong oxidizing species. These reactive species can 
destroy most organic compounds to non-detectable concentrations. However, oxidation by-
products such as acetone, aldehydes, and glyoxals, may be formed in significant concentrations. 

The capabilities of the E-Beam technology for treating groundwater contaminated with 
methyl t butyl ether (MtBE) and with benzene, toluene, ethylbenzene, and xylenes (BTEX) was 
demonstrated by Haley and Aldrich in the summer and fall of 2001. The site that was selected for 
the demonstration was the source zone of the Naval Exchange Gasoline Station site at the Naval 
Base Ventura County in Port Hueneme, California. Treatment goals were established for the 
demonstration based primarily on California maximum contaminant levels (MCL) for drinking 
water. 

The demonstration of the E-Beam technology was implemented in two phases, including 
a two-week steady-state operation at an E-beam dose of 1,200 kilorads (krad) and a shorter series 
of tests in which the E-Beam dose was varied from 800 to 1,600 krad. During the demonstration, 
grab samples of the groundwater were collected before and after treatment at the E-Beam 
influent and effluent sampling locations and analyzed for volatile organic compounds (VOC), 
aldehydes/glyoxals, bromate, and general water quality variables. 

Results of the two-week steady-state operation indicated that MtBE and BTEX 
concentrations in the effluent were reduced by greater than 99.9 percent from influent 
concentrations that averaged over 1,700 ������������������� ��������� Further, the 95 
percent upper confidence level for the mean effluent concentrations of MtBE, benzene, and 
���������������������������������������������������������� ������� ������������� ����� 
respectively; neither ethylbenzene nor xylenes were detected in the effluent. However, effluent 
concentrations of t-butyl alcohol (tBA), a degradation product of MtBE, were consistently
��������������������������������������� ����� 

Results of the dose experiments indicated that a dose of 800 krads was not quite 
sufficient to bring the concentration of MtBE to below the treatment goal of 5.0 µg/L, but higher 
doses were effective in meeting this treatment goal. However, tBA was not consistently reduced 
to below the treatment goal of 12 µg/L even at the highest dose (1,600 krads), although the 
results from the dose-response experiment indicated that tBA by-product formation decreased as 
dose increased. Thus, it is possible that, at increased energy input beyond that tested in the 
demonstration, the E-Beam technology might have met the prescribed treatment objectives for 
TBA. 

A number of organic by-products were measured in effluent samples, including acetone, 
acetaldehyde, formaldehyde, glyoxal, and methyl glyoxal. Acetone and formaldehyde were the 
two most prevalent organic by-products, with mean effluent concentrations during the two-week 
steady-state testing of 160 and 125 �������������������Bromate concentrations were near the 
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detection limit of 1 ����in both influent and effluent samples; therefore, bromate does not 
appear to be a by-product of E-beam treatment. 

An economic analysis of the E-beam treatment system was conducted for two 
applications: a groundwater remedial application at a flow rate of 10 gallons per minute, and a 
larger-scale drinking water treatment application at a flow rate of 10 million gallons per day. The 
primary costs in both applications were for the E-beam equipment and for electrical energy. For 
the remedial application, the overall cost was estimated to be over $40 per 1000 gallons, while 
for the larger-scale drinking water application the overall cost was estimated to be about $1.00 
per 1000 gallons. The lower unit cost for the larger-scale drinking water application resulted 
from economies of scale and the assumption that much lower influent concentrations of MtBE 
would be treated in such an application. 
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